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Abstract
Highway pavements are designed to withstand the projected traf® c loads 
while providing a high quality level of service. The large loads that pavements 
experience during the design life in conjunction with variable climate and 
moisture conditions accelerate the deterioration process and might cause 
premature failure of the pavements. In this research, a forensic study to 
assess the current performance of several asphalt concrete (AC) pavements 
is conducted. The structural condition of the AC sections, located in the 
State of Ohio, United States, was determined by means of the Falling Weight 
De  ¯ectometer (FWD) testing method. The evaluation and interpretation 
of the FWD tests permit the assessment of potential short or medium-term 
rehabilitation projects. The methodology of analysis and data interpretation 
presented in this paper for the case of 110 km of asphalt concrete pavement 
in the State of Ohio, stands as a valuable technique in Colombia to determine, 
with actual ® eld measurements, the condition and potential rehabilitation 
of the infrastructure system that is required to guarantee the sustainable 
economic development of the country. 
---------- Keywords: Pavement, rehabilitation, ¯ exible pavements, testing 
methods, ® eld tests, pavement rating, falling weight de  ¯ectometer
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Resumen
Los pavimentos de carreteras están diseñados para soportar las cargas 
proyectadas del trá® co y a la vez proporcionar alta calidad para los niveles 
de servicio. Las grandes cargas que los pavimentos experimentan durante 
su existencia en conjunto con las condiciones variables de clima y humedad 
aceleran el proceso de deterioro y podrían causar fallas prematuras a los 
pavimentos. En esta investigación se realiza un estudio de patología para 
evaluar el desempeño actual de varios concretos asfalticos. La condición 
estructural de secciones de concreto asfaltico, localizados en el Estado de 
Ohio, Estados Unidos, se realizan por medio del método de ensayo del 
De  ¯ectómetro de Impacto (FWD). La interpretación de los ensayos con FWD 
permite la evaluación de potenciales rehabilitaciones a corto y mediano plazo. 
La metodología de análisis e interpretación de resultados presentados en este 
artículo para el caso de los 110 km de pavimento de concreto asfaltico en el 
Estado de Ohio, se muestra como una técnica valiosa en el caso colombiano 
para determinar, con mediciones reales de campo, la condición y potencial 
rehabilitación del sistema de infraestructura que se requiere para garantizar el 
desarrollo económico sostenible del país.
---------- Palabras clave: Pavimentos, rehabilitación, pavimentos 
 ¯exibles, métodos de ensayo, ensayos de campo, evaluación de 
pavimentos, de  ¯ectómetro de impacto
Introduction
Highway pavements are designed to withstand 
the measured and projected traf® c loads while 
providing a high quality level of service during 
their expected design life. However, actual traf® c 
loads imposed on the pavement may exceed the 
projected design loads. These increased loads 
result in pavements that are subjected to higher 
stresses and strains, accelerating the deterioration 
process, and thereby causing a premature 
failure of the pavements. Due to the quality 
of the material and assumptions, a pavement 
performance may exceed, meet or fall short of 
expectations. Flexible pavements are designed 
to allow layer deformations under traf® c loads. 
The main structural body of  ¯exible pavements 
consists of three layers resting on the soil 
structure; each layer is designed with different 
criteria depending on its mechanic properties and 
stresses. The entire pavement system is designed 
to ef® ciently support the stresses and strains 
generated by the traf® c and environmental loads 
during its design period. For  ¯exible pavements, 
the maximum stresses due to the induced load 
occur on the top of the asphalt layer and then 
decrease as the pavement depth increases because 
the load is distributed in a larger area, thereby 
decreasing the demands of the base and subbase 
layers [1].
In recent decades, scientists have begun to focus 
on pavement performance in order to improve its 
service life or performance. Several researchers 
have focused on depicting the behavior of 
pavements in order to explain deviations in the 
actual and predicted behavior. However, the 
forensic investigation of pavements is a complex 
subject that requires a thorough investigation 
of each variable which in  ¯uences pavement 
performance. There are several variables 
that in  ¯uence pavement performance such as 
pavement type, base and subgrade material 
properties, traf® c loads, climate conditions, 
asphalt content, viscosity, permeability, aggregate 
type, gradation, thermal and moisture gradients, 
among others.
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Researchers have been conducting forensic 
investigations for several years to determine 
the origin of distress mechanisms in pavements. 
These investigations are expensive due to the 
traf® c control requirements, sophisticated 
equipment needs, staff mobilization, and ® eld 
and laboratory experiments [2]. From the variety 
of distress mechanisms developed on the  ¯exible 
pavement surface, rutting distress mechanisms 
have drawn researchers attention for several 
decades. Rutting can be produced by the failure 
of any of the pavement layers (e.g., subgrade, 
subbase layer, base layer, or asphalt layer) and 
the extent of rutting highly dependent on the 
season. For example, the asphalt layer is more 
vulnerable to rutting in hot summer weather 
because the asphalt mix becomes weaker with 
high temperatures, allowing the asphalt layer 
to deform permanently or accumulate surface 
deformation under normal traf® c loads [3]. On 
the other hand, the base is more vulnerable during 
wet spring weather than in other seasons [3, 4]. 
In order to develop useful equations to analyze 
the asphalt concrete pavement performance 
several assumptions must be made. One of the 
assumptions is that pavement performs linearly 
under loads; however, it has been determined 
from ® eld and laboratory experiments that 
pavement layers do not perform linearly and 
elastically [5]. This is especially true for the 
asphalt concrete layer because of its viscous 
composition. This viscous behavior can be noticed 
on the surface pavement with rutting distresses; 
the accumulation of pavement deformation is 
an indication of the visco-elastoplastic property 
of asphalt pavements. A visco-elastoplastic 
method to determine the pavement performance 
considering the temperature, duration and 
magnitude of the load, and pavement thickness 
was presented in [5]. 
In an effort to collect reliable and consistent data 
that can lead to a better understanding of pavement 
performance, some road sections in the State 
of Ohio have been partially instrumented with 
different types of devices such as environment 
sensors, linear variable differential transformers 
(LVDT), strain gauges, rosettes, etc. [6-12]. The 
collected data has been used in combination with 
nondestructive and laboratory tests to assess the 
pavement performance under existing traf® c and 
climate conditions. In this ongoing project, they 
have found that AC pavements with normalized 
de  ¯ections > 8.6 mm/MN (1.50 mils/kip) have 
performed poorly; meanwhile pavements with 
normalized de  ¯ections < 5.7 mm/MN (1.0 mils/
kip) have shown a good performance.
In this research, a forensic study to assess the 
current performance of several roads located in 
the State of Ohio was conducted. The performance 
for the selected pavements was classi® ed into two 
groups; pavements with excellent performance 
and pavements with average performance. 
Pavements with excellent performance are those 
which are exceeding design expectations or 
exhibiting little distress even after the service life 
period. On the other hand, average pavements are 
those which have required minimal maintenance 
or exhibited moderate distress prior to the end of 
the pavements service life. The Falling Weight 
De  ¯ectometer (FWD) test was used to evaluate 
the pavement structural condition and to back-
calculate the modulus of elasticity for each of the 
pavement layers at every location.
Field testing and sites description 
The Ohio Department of Transportation 
(ODOT) is in charge of the planning, designing, 
monitoring and maintenance of the roadways 
located in the State of Ohio. In order to facilitate 
these responsibilities, ODOT had divided the 
State into twelve districts as shown in ® gure 
1. The current structural condition of nineteen 
asphalt concrete sections distributed along the 
state was investigated. These sections were 
grouped into fourteen sections according to the 
district location. 
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Figure 1 District Subdivision. State of Ohio
Figure 2 shows the Pavement Condition Rating 
(PCR) performance data for  ¯exible pavements 
in the State of Ohio [13]. The selected sections 
and performance classi® cation presented in the 
present study were a subset of data of those used 
to de® ne the PCR chart in the State of Ohio. 
The PCR index describes the pavement distress 
mechanisms in terms of severity and frequency 
and is calculated as:


 n
i
iDeductPCR
1
100  (1)
Where: n is the number of observable distresses 
and deduct is equal to the product of weight for 
distress, weight for severity and weight for extend. 
The pavement condition rating is measured on a 
scale from 0 to 100, zero being a pavement in 
poor condition and 100 indicating very good 
condition.
Figure 2 Pavement Condition Rating (PCR) for Flexible Pavements Taken From [13]
Table 1 shows the location, length, district, 
and initial condition of the asphalt concrete 
(AC) pavement sections. In table 1, the 
county, roadway and district locations are 
referred as Co-Rte and Distr. respectively. 
The directions are referred as upstation (U), 
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downstation (D) or with the dual index (DU) 
for the cases when the section is tested in both 
directions. The year refers to the construction 
date. The condition refers to the initial 
performance condition of the section as giving 
by the PCR index.
Table 1 Asphalt Concrete Pavement Sections
Proj. No. Co-Rte SLM Limits Dir. L (mi) Distr. Year Cond.
1 BUT 129
17.96-24.00 D 6.04
8 1998
Avg. 
17.83-24.00 U 6.17 Exc.
2 BUT 129 24.00-24.73 DU 0.73 8 1998 Avg.
3 CHP 68
1.27-1.74 D 0.47
7 1998
Exc.
1.27-1.82 U 0.55 Exc.
1.82-2.16 U 0.34 Avg.
4 FAY 35 17.57-24.05 DU 6.48 6 1996 Avg.
5 GRE 35 20.95-26.21 DU 5.26 8 1998 Exc.
6 HAM 126
6.83-7.09 DU 0.26
8 1994
Avg.
7.09-11.35 DU 4.26 Exc.
7 HAM 747 0.04-0.94 U 0.9 8 1985 Avg.
8 LAW 7 1.4-2.28 DU 0.88 9 1985 Exc.
9 LIC 16 19.72-20.38 DU 0.66 5 1999 Avg.
10 LUC 2 21.39-27.25 U 5.86 2 1999 Avg.
11 LUC 25 10.01-11.28 DU 1.27 2 1997 Exc.
12 PIK 32 13.43-16.08 D 2.65 9 1994 Exc.
13 PIK 32 16.08-20.47
D
4.39 9 1995
Avg.
U Exc.
14 ROS 35 0-4.38 DU 4.38 9 1996 Exc.
Testing equipment
A Falling Weight De  ¯ectometer (FWD) 
equipment was used to assess the current structural 
pavement condition. The FWD applies a dynamic 
load on the pavement surface by dropping a 
weight that is transmitted through a circular 
loading plate. Such dynamic load simulates the 
effect of a wheel load on the pavement surface by 
generating temporally pavement deformations, 
which are recorded by sensors located radially at 
2.5 m from the point of application of the load. 
The magnitude of the impulse load transmitted 
by the FWD device to the pavement can vary 
from 30 kN to 250 kN by varying the weight 
and drop height [14]. The FWD testing method 
is widely used because is easy to implement, 
reliable, and cost-effective with respect to other 
methods [15]. Figure 3 shows the FWD model 
used in this research project and consists of seven 
sensors that measure and record de  ¯ections, in 
which the last two (sixth and seventh) are used to 
estimate the stiffness of the subgrade [16].
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Figure 3 Dynatest Model 8000 FWD [16] used for 
this Research
Data interpretation
The modulus of elasticity of the subgrade 
was back-calculated using the area value 
approximation presented in [17]. The normalized 
area value can be obtained as:
 
0
900600300 22150
D
DDDDArea o   (2)
Where: D0, D300, D600, and D900 are the de  ¯ections 
at the center of the load, at 300 mm, at 600 mm, 
and at 900 mm from the point of application, 
respectively. 
The following pavement condition can be 
inferred from the normalized area values: i) low 
area value and low maximum de  ¯ection, the 
pavement structure is considered weak while the 
subgrade is strong; ii) low area value and high 
maximum de  ¯ection, the pavement structure and 
the subgrade are considered weak; iii) high area 
value and low maximum de  ¯ection, the pavement 
structure and the subgrade are considered strong; 
and iv) high area value and a high maximum 
de  ¯ection, the pavement structure is considered 
strong while the subgrade is weak. 
The equations to calculate the modulus of 
elasticity of the subgrade are presented in [17]. 
Using the de  ¯ection recorded from sensor six, 
which is located at 610 mm from the loading 
plate, the modulus of elasticity (calibrated in U.S. 
units) is:
 (3)
Using the de  ¯ection recorded from sensor seven, 
which is located at 915 mm from the loading 
plate, the expression for the modulus of elasticity 
(calibrated in U.S. units) is:
 (4)
Where: d24 and d36 must be given in microinches 
(-in.)
The modulus of elasticity of the subgrade reported 
in this publication was obtained by taking an 
average of the value obtained from both sensors 
(six and seven, Eqs. (3-4)). It is common practice 
to normalize the recorded de  ¯ections from the 
FWD tests with respect to the applied load in 
order to have a standardized comparison between 
de  ¯ections obtained using different loads. The 
normalized de  ¯ections for each geophone are 
given in [18], calibrated in U.S units, as follows:
 (5)
Where: Df1 represents the geophone reading (i = 
1,2,...7) and the load was normalized to 9000 lb 
(40 kN). The normalized de  ¯ection of geophones 
1 and 7 provides an indication of the structural 
condition, at the time of testing, of the asphalt 
concrete layer and the soil subgrade respectively. 
An additional representative parameter involved 
in the pavement performance is the spreadability 
(SPR). Spreadability parameter assists in 
estimating the bending stiffness of pavements 
and is given in [18] as follows:
 (6)
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Where: Dfi is the reading of the geophone 1 
which is located at the center of the loading 
plate. A high value of SPR indicates low stress 
and strains acting on the subgrade. Table 2 
shows the de  ¯ections and spreadability ranges 
typically used to classify the pavement condition 
based on FWD recorded data as proposed in 
[19]. Those ranges are used in this publication to 
determine pavement condition of the proposed 
sections.
Table 2 Maximum Values for De  ¯ections and Spreadability
Condition Df1, mm/MN Df7, mm/MN SPR (%)
Excellent < 2.97 (0.52) <1.2 (0.21) > 65
Good 2.97 (0.52)  4.11 (0.72) 1.2 (0.21)  1.77 (0.31) 55  65
Fair 4.11 (0.72)  5.37 (0.94) 1.77 (0.31)  2.4 (0.42) 44  55
Poor > 5.37 (0.94) > 2.4 (0.42) < 44
Note: The values in parenthesis are in units mils/kip, as obtained directly from Eq. (5)
Pavement responses
The normalized de  ¯ections for sensors 1 and 7 
(Df1 and Df7), spreadability, and the subgrade 
modulus of elasticity for the AC pavement 
sections were determined using FWD tests. 
For an easy reference, a typical set of plots for 
project # 3 are shown in Figures 4, 5 and 6 [20]. 
For this case in particular, the structural condition 
of the asphalt concrete layer can be classi® ed as 
fair in the upstation direction and good in the 
downstation direction whereas the subgrade 
structural condition can be classi® ed as excellent 
in both directions. In general, the pavement ability 
to distribute the applied load can be classi® ed as 
fair, indicating a de® ciency in the stiffness of the 
base or subbase layers. The average modulus of 
elasticity of the subgrade was determined as 44.5 
ksi (307 MPa). 52.8 ksi (364 MPa). and 47.1 ksi 
(325 MPa) for station limits (SLM) 1.27-1.74 
(downstation). SLM 1.27-1.82 (upstation). and 
SLM 1.82-2.16 (upstation). respectively.
Figure 4 Normalized De  ¯ection (mils/kip and mm/MN) for Project #3
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Figure 5 Spreadability (%) for Project #3
Figure 6 Subgrade Modulus for Project #3
Table 3 presents the pavement built-up of each 
project. The columns from left to right (being 
the leftmost column the corresponding to 
the shallowest layer) represent the thickness, 
material speci® cation, and back-calculated 
modulus of elasticity of each pavement layer. 
The following abbreviations are used for the 
material speci® cation: i) AC: Asphalt Concrete; 
ii) ATB: Asphalt Treated Base; iii) DGAB: 
Dense Graded Aggregate Base; iv) CTFDB: 
Cement Treated Free Draining Base; v) PATB: 
Permeable Asphalt Treated Base; vi) ATFDB: 
Asphalt Treated Free Draining Base; and 310: 
Bituminous Aggregate Base. An extensive 
de® nition of the material speci® cations can be 
found in [21].
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Table 3 Back-Calculated Modulus of Elasticity of Each Layer
Proj. No. Layer, Modulus (MR in MPa), Thickness (mm)
1
Layer AC ATB ATFDB DGAB Subgrade
MR  Thk. 2,923-76 28,027-203 250-102 606-152 598-N/A
2
Layer AC ATB ATFDB DGAB Subgrade
MR  Thk. 3,654-76 10,756-203 615-102 672-152 319-N/A
3
Layer AC ATB DGAB Subgrade
MR  Thk. 1,134-83 6,474-152 166-152 303-N/A
3 (U)
Layer AC ATB DGAB Subgrade
MR  Thk. 827-83 6,598-152 134-152 266-N/A
4
Layer AC ATB CTFDB DGAB Lime Soil
MR  Thk. 1,931-76 4,688-254 668-102 263-152 81-191
5
Layer AC ATB DGAB Subgrade
MR  Thk. 2,523-38 10,342-102 639-203 212-N/A
6 (Avg. Cond.)
Layer AC ATB DGAB Subgrade
MR  Thk. 3,137-76 1,710-254 225-305 148-N/A
6 (Exc. Cond.)
Layer AC ATB DGAB Subgrade
MR  Thk. 2,627-76 4,571-254 228-305 309-N/A
7
Layer AC ATB Subgrade
MR  Thk. 2,751-51 7,515-229 192-N/A
8 (U)
Layer AC ATB Subgrade
MR  Thk. 3,337-70 17,857-229 245-N/A
8 (D)
Layer AC ATB Subgrade
MR  Thk. 2,461-70 8,067-229 327-N/A
9
Layer AC ATB DGAB and 310 Subgrade
MR  Thk. 4,688-76 11,583-229 378-305 484-N/A
10
Layer AC EP(**) DGAB Subgrade
MR  Thk. 2,861-76 6,536-254 192-152 181-N/A
11
Layer AC ATB DGAB and 310 Subgrade
MR  Thk. 1,179-51 7,653-178 862-356 427-N/A
12
Layer AC ATB NSDB DGAB Subgrade
MR  Thk. 3,482-76 12,155-229 198-102 244-152 387-N/A
13
Layer AC ATB ATFDB DGAB Subgrade
MR  Thk. 2,358-76 15,720-229 209-102 4,137-152 265-N/A
14
Layer AC ATB CTFDB DGAB Lime Soil
MR  Thk. 1,069-76 3,330-254 3,351-102 73-152 862-203
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Table 4 summarizes the pavement condition 
based on spreadability and FWD de  ¯ections. 
The results from both criteria can be evaluated 
together to assess the actual pavement structural 
condition and the need of a short-term or medium-
term rehabilitation.
Table 4 Pavement Condition Based on Spreadability and FWD De  ¯ections
Proj.
No. Dir.
L Spreadability (%) FWD Defl . (%)
(km) Exc. Good Fair Poor Exc. Good Fair Poor
1
D 9.72 - 58 39 4 100 - - -
U 9.93 1 66 28 5 100 - - -
2 DU 1.17 - 28 96 72 4 - - - 100 100 - - -
3
D 0.76 - - 100 - 6 56 39 -
U 0.89 - - 78 22 6 28 67 -
U 0.55 - - 100 - 6 6 65 24
4 U 10.43 - 46 54 1 26 55 15 5
5 U 8.47 - 20 80 - 1 7 47 44
6
DU 0.42 - - 58 60 42 40 - - - - - 40 20 20 80 40
DU 6.86 - - 48 60 49 40 3 - 32 35 66 65 1 - - -
7 U 1.45 - 11 78 11 - 11 11 78
8 DU 1.42 7 - 53 100 40 - - - 73 91 27 9 - - - -
9 DU 1.06 3 3 64 45 32 52 - - 100 97 - 3 - - - -
10 U 9.43 44 53 3 - 9 54 36 1
11 DU 2.04 - - 13 21 83 79 4 - 87 79 13 17 - 4 - -
12 D 4.26 - 3 90 8 100 - - -
13
D 7.07 39 56 5 - 98 2 - -
U 7.07 16 78 6 - 88 12 - -
14 DU 7.05 - - 10 11 81 70 10 19 14 4 48 37 37 48 1 11
Summary and conclusions
The long term performance of nineteen asphalt 
concrete pavement sections located in the State 
of Ohio was studied. The pavement performance 
is highly in  ¯uenced by factors such as climate 
conditions, material properties, section thickness, 
construction practices, traf® c loads, among others. 
The total length of the AC pavement sections 
studied was 68.4 mi (110 km). The subgrade 
modulus of elasticity of some sections is higher 
than expected. This is because the FWD tests 
were conducted during summer and fall seasons 
when the temperature was around 90 degrees 
Fahrenheit or higher. High temperatures affect the 
subgrade modulus of elasticity leading to lower 
values in the de  ¯ection recorded by the sensors 
therefore improving the subgrade response [22]. 
The structural condition of the pavement sections 
was divided into four categories: Excellent, 
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Good, Fair, and Poor. The distress mechanisms 
most likely will be developed in sections where 
the structural pavement condition was classi® ed 
as poor or fair. This classi® cation is useful to 
de® ne places in which cores could be extracted 
in order to provide details about differences in 
the pavement response under similar material 
properties and traf® c loading. A summary of 
the structural condition of the asphalt concrete 
sections of the present study is as follows: 
Excellent: 51.6% (56.81 km), Good: 26.9% 
(29.61 km), Fair: 15.2% (16.74 km), and Poor: 
6.4% (6.92 km). In general terms, the distresses 
re  ¯ected on the pavement surface most likely are 
due to a de® ciency in the stiffness of the base or 
subbase layers rather than a stiffness de® ciency 
in the AC or subgrade layers.
A similar methodology of analysis and data 
interpretation, as shown for the cases in the State of 
Ohio presented in this paper, can be implemented 
in Colombia to determine with spreadability and 
de  ¯ection criteria obtained from standard FWD 
® eld measurements, the actual condition and 
necessity of future rehabilitation projects on the 
existing infrastructure.
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